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Abstract
The production of fertilized eggs in zebrafish, Danio rerio, is a complex process
involving the hypothalamic-pituitary-gonadal axis (HPGA). The HPGA is central in the
regulation of embryo output. Perturbations in this axis may impact reproduction with
consequences for the population. Endocrine disrupting compounds (EDCs) include a variety of
pollutants present in the environment. Estrogenic compounds such as diethylstilbestrol (DES)
have been reported to affect reproduction in a variety of species including humans. EDCs may
have direct effects on the HPGA or indirect effects through toxic action on supporting organs. In
this study, the effects of DES on puberty and reproduction were determined in a novel way by
using transparent Casper zebrafish that allow direct visualization of gonadal status over time.
Changes in gonadal status with DES treatment were correlated with effects on secondary sex
characteristics (i.e., genital vent size and breeding tubercles), spawning and embryo production.
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Introduction
Zebrafish are excellent models for studying reproduction, development, and toxicology
(Lessman & Carver, 2011; Segner, 2009). There is a considerable amount of genomic and
physiological information regarding zebrafish, however little is known about reproduction. This
fundamental aspect needs to be extensively studied since many laboratories depend on zebrafish
to obtain embryos and larvae for study. In addition, the zebrafish can be used as a model for
larger, important aquaculture fish in studies of effects of drugs, hormones, and other treatments
to elicit increased fecundity in fish, in general, and in economically important species in
particular. This makes them a powerful and appropriate experimental model organism. Zebrafish
are economically practical because they are cost-effective to raise and maintain. Also, they
produce large quantities of transparent embryos useful for toxicological developmental assays
(Duan, Zhu, & Gong, 2009; Hill, Teraoka, Heideman, & Peterson, 2005).
In our lab, the transparent Casper zebrafish is a novel system that permits direct
observation of internal organs in vivo for studying reproduction, gonadal development, and
sexual maturation in individual animals over time. The Casper zebrafish is a double homozygous
mutant and is transparent because it lacks iridophores and melanocytes (Figure 1; White et al.,
2008). Therefore, the gonad can be studied in the live animal, over extended periods of time (i.e.,
longitudinally). The Casper zebrafish is an ideal system for observing the formation of gonads,
onset of puberty, and gonadal dynamics in vivo. We will determine the age at which sexual
maturation occurs or puberty, in vivo, determine gonad dynamics during spawning in Casper,
and the effects of an endocrine disrupting compound, diethylstilbestrol.
Prior to the generation of the Casper zebrafish, sex determination and puberty studies
were conducted using the wild-type zebrafish (Chen & Ge, 2013; Maack & Segner, 2003). These
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studies used histological data to determine at which point primordial germ cells became male or
female gametes (Maack & Segner, 2003). Since the animals in previous studies had to be
sacrificed to obtain the data, they cannot be further studied throughout their life to determine
subsequent reproduction events such as ovulation, oviposition, and atresia. This study will
compliment previous work by providing data on the number of days post fertilization (DPF)
when the gametes become sexually mature.
Ovarian and testis development in zebrafish depend on complex endocrine events
mediated by a cascade of hormones (Clelland & Peng, 2009; Lubzens, Young, Bobe, & Cerdà,
2010; Nagahama, 1994). In fish, the hypothalamus produces gonadotropin releasing hormone
(GnRH) that acts on the anterior pituitary to stimulate the production and secretion of two
gonadotropins, Gonadotropin I (GTH I) or Gonadotropin II (GTH II) (Clelland & Peng, 2009;
Habibi & Andreu-Vieyra, 2007; Nagahama, 1994; Rosenfeld, Meiri, & Elizur, 2007; So, Kwok,
& Ge, 2005). GTHI is analogous to the tetrapod Follicle Stimulating Hormone (FSH) and GTH
II is analogous to the tetrapod Luteinizing Hormone (LH) (Laan, Richmond, He, & Campbell,
2002; Nagahama, 1994). The gonadotropins then act on the gonads, the ovary in females and the
testes in males (Clelland & Peng, 2009; Rosenfeld et al., 2007). In females, estrogen and
progesterone are hormones produced by the ovary under stimulation of gonadotropin hormones
(Nagahama, 1994). In males, testosterone is produced by the testes under stimulation of
gonadotropin hormones (Schulz & Henk, 1999).
In general, female zebrafish exhibit increased levels of estrogen during the follicular
growth stage at the beginning oogenesis (Rosenfeld et al., 2007). Oogenesis (Figure 2) is the
process by which oocytes grow to develop into mature eggs. Mainly, the release of GTH I from
the anterior pituitary stimulates the synthesis and release of estrogen by targeting follicular cells
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(Clelland & Peng, 2009; Nagahama, 1994; Rosenfeld et al., 2007). Follicular cells produce
estrogen, which feeds back positively on the hypothalamus during mid-cycle to allow for
continuation of gonadotropin secretion and thus, estrogen production (Nagahama, 1994;
Rosenfeld et al., 2007). Estrogen acts on target tissues containing estrogen receptors which
include the brain, gonad, and liver (Nagahama, 1994; Rosenfeld et al., 2007). Increased estrogen
signaling is required for the production of the egg yolk protein vitellogenin from the liver
(Nagahama 1994; Rosenfeld et al., 2007).
Estrogen targets cells in the liver and translocates estrogen into the nucleus where it binds
to nuclear receptors on hormone response elements (HRE) to act as a transcription factor and
modify gene expression. The vitellogenin gene is one target of estrogen (Sumpter & Jobling,
1995; Tyler, Van der Eerden, Jobling, Panter, & Sumpter, 1996). Estrogen induces the upregulation of vitellogenin lipoprotein production to be later sequestered by the growing oocyte
via the blood stream (Nagahama 1994; Sumpter & Jobling, 1995; Tyler et al., 1996). Egg yolk
precursor protein vitellogenin production and recruitment into the developing oocyte is a crucial
process for species that lay eggs (Sumpter & Jobling, 1995; Tyler et al, 1996). The yolk protein
will serve as nutrients for the developing embryo (Sumpter & Jobling, 1995; Tyler et al., 1996).
During late vitellogenesis, follicle encapsulated oocytes reach a critical size and they
become competent to respond to a progestin – Maturation Inducing Hormone (MIH) (Nagahama,
1987a). This begins the process of oocyte maturation, which leads to a fertilizable egg. GTH II
stimulates follicle cells to begin producing the naturally occurring MIH in zebrafish 17α,20βdihydroxy-4 pregnen-3-one (DHP) (Knight & Van Der Kraak., 2015; Nagahama, 1987a;
Nagahama, 1987b). DHP then acts on the oocyte to induce oocyte maturation (Nagahama,
1987a; Nagahama, 1987b). Two hallmark events of oocyte maturation are Germinal Vesicle
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Breakdown (GVB) and oocyte clearing (Clelland & Peng, 2009; Lessman, 2011). Germinal
vesicle breakdown occurs when the nucleus of the oocyte breaks apart as it migrates towards the
blastodisc at the top of the oocyte (Lessman, 2009). Oocyte clearing is the process of breaking
down vitellogenin into smaller units for easier absorption by the future embryo (Clelland &
Peng, 2009). Once the oocyte undergoes maturation, it is called a fertilizable egg (Lessman,
2009).
The ovary is composed of many developing oocytes (immature eggs). Oocytes can be in
any one of the five stages of development (Clelland & Peng, 2009; Selman, Wallace, Sarka, &
Qi, 1993). For puberty determination, we will focus on the third stage of oocyte development,
the vitellogenic stage. In this stage, the oocytes are characterized by the recruitment of
vitellogenin, the yolk precursor protein (Selman et al., 1993; Wallace & Selman, 1981). The
endocytosis of this protein causes oocytes to increase in size from 340 µm to 700 µm (Selman et
al., 1993). Vitellogenin is produced via the up regulation of the vitellogenin gene in the liver by
estrogen (Sumpter & Jobling, 1995; Tyler et al., 1996). There is a dramatic increase in estrogen
production at this stage and thus is an excellent characteristic of puberty in female zebrafish
(Sumpter & Jobling, 1995; Tyler et al., 1996). Production of functional oocytes is controlled by
hormones and is subject to endocrine disruption (Sumpter & Jobling, 1995; Tyler et al., 1996).
Endocrine disrupting chemicals (EDCs) are substances capable of disturbing endocrine
regulated events in organisms, such as oogenesis and spermatogenesis. EDCS are found
ubiquitously in the environment and have been shown to be dangerous to aquatic species and
non-aquatic mammals (Iguchi, Watanabe, & Katsu, 2001; Kim, Cho, Kim, Vanderford, &
Snyder, 2007). There are a variety of EDCs that can act as estrogen agonists by eliciting a
response that mimics the naturally occurring estrogens (Brion, Tyler, Palazzi, Laillet, Porcher,
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Garric, & Flammarion, 2004; Sumpter & Jobling, 1995; Tyler et al., 1996) EDCs can alter
hormone synthesis and steady state levels (Brion et al., 2004). EDCs have the greatest impact
when exposure occurs at a critical period in sexual or steroid dependent development. (Brion et
al., 2004; Weber, Hill, & Janz, 2003). Exposure of EDCs at a critical period can cause permanent
changes in the offspring’s reproductive capacity such as infertility, masculinization,
feminization, or intersex state with an ovotestis (Brion et al., 2004; Hill & Janz, 2003; Lindholst,
Wynne, Marriott, Pedersen, & Bjerregaard, 2003). During these critical periods, hormones are
capable of permanently turning on or off genes for hormone receptors in certain cells which
could potentially lead to a change in sex (vom Saal et al., 1997).
Diethylstilbestrol (DES) is a potent, synthetic estrogen that binds to estrogen receptor
alpha (ERα) in humans. DES shares structural similarity to many known xenoestrogens and
naturally occurring steroid hormones (Figure 3; Reed & Fenton, 2013; Weeks, Cooper, &
Norton, 1970). DES can be found in aquatic environments with concentrations as high as 500
µg/L (Campinho & Power, 2013; Yang, Lin, Weng, Feng, & Luan, 2008). Concentrations as low
as 10 µg/L modify testis function of male carp (Yang et al., 2008). DES is lipid soluble and is
readily absorbed into the body (Reed & Fenton, 2013). Since DES is water insoluble, it tends to
accumulate at high concentrations in the environment (Yang et al., 2008). DES regularly enters
aquatic environments from run-off of chemical and medical industries (Yang et al., 2008). DES
was widely prescribed as a pharmaceutical to pregnant women from the 1940’s and 1970’s for
miscarriage prevention (Reed & Fenton, 2013). In 1971, female fetuses exposed to DES in utero
had an increased risk for developing malignant cervical tumors because it is a transplacental
carcinogen and its use was discontinued (Harris & Waring, 2012; Reed & Fenton, 2013; Roy &
Liehr, 1999). DES was also prescribed to women for treatment of gynecological issues such as
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abnormal bleeding, breast enlargement or for pregnancy termination. (Harris & Waring, 2012).
Interesting, DES was also prescribed to tall, adolescent girls (with no abnormal pathologies) in
order to induce puberty and prevent any additional increase in height (Bruinsma et al., 2011;
Harris & Waring, 2012). This treatment was based on little evidence that an increase in estrogen
during the onset of puberty prevents an increase in height due to the fusion of growth plates in
long bones (Bruinsma et al., 2011). DES is currently used in the treatment of prostate and breast
cancer.
In humans, DES compromises the ability of blood platelets to clot properly, likely due to
its actions as a calcium channel blocker in blood platelets (Dobrydneva, Williams,
Katzenellenbogen, Ratz, & Blackmore, 2002). In zebrafish and goldfish oocytes, DES induces
oocyte maturation (Tokumoto, Tokumoto, Horiguchi, Ishikawa, & Nagahama, 2004; Tokumoto,
Tokumoto, & Nagahama, 2005). The mechanisms by which DES induces reproductive
maturation includes mimicking a naturally occurring maturation inducing hormone, 17α,20βdihydroxy-4-pregnone-3-one (DHP) (Tokumoto et al., 2004). In goldfish oocytes, oocyte
maturation is induced via a novel membrane-bound progestin receptor (mPRα), a target of DES
(Tokumoto, Tokumoto, & Thomas, 2007) By binding to the mPRα, DES mimics non-genomic
actions of progestins to induce oocyte maturation (Tokumoto, Yamaguchi, Ii, & Tokumoto,
2011). However, further details of the downstream mechanisms of action remain uncharacterized
(Tokumoto et al., 2007).
With DES potentially causing endocrine disruption or changes in the developing gonad, it
is critical to understand the development of the secondary sexual characteristics in males and
females. Male and female zebrafish have little sexual dimorphism. However, male zebrafish
have testosterone-dependent, epidermal specializations called breeding tubercles that are found
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only on the pectoral fins and lower jaw (McMillan, et al., 2013; Yossa, Sarker, Proulx, Saxena,
Ekker, & Vandenberg, 2013). Therefore, breeding tubercles are secondary sexual characteristics
that can be used to determine the sex of the zebrafish (McMillan, Géraudie, & Akimenko, 2015;
Yossa et al, 2013). Also, in some fish species the urogenital pore (ovipositor) is under hormonal
control (Asahina, Hanya, Aida, Nishina, & Kobayashi, 1985; Khlopova, & Varaksin, 2011;
Shirai, 1964). Specifically, the rose bitterling’s ovipositor is estrogen dependent and its length
varies as a function of the ovarian cycle (Asahina, 1985; Shirai, 1964). This evidence, along with
our lab’s own preliminary data, suggests that the female Casper zebrafish vent could be under
hormonal control as well. If that is the case, the size of the vent should be subject to disruption
by DES.
Our lab is currently studying the normal progression of sexual maturation, ovarian
morphology after spawning, and effects of DES on several reproductive endpoints in vivo,
utilizing transparent Casper zebrafish. The transparent Casper zebrafish allows for in vivo
visualization of the reproductive organs and thus, allow us to determine the effects of DES on the
gonad. Unlike previous studies, this unique design will allow for visualization of reproductive
changes over time in a living animal.
Materials and Methods
Zebrafish
A juvenile transparent zebrafish line, the Casper zebrafish (roy-/-;nacre -/-), was generously
donated by Ryan Gebert at St. Jude Children’s research hospital, Memphis, TN. The Casper
zebrafish is named for its ghost-like appearance because it lacks melanocytes and iridiophores
and thus, is transparent (White et al., 2008). The Casper zebrafish line is derived from two
mutated zebrafish lines. The first, nacre (nacre -/-) zebrafish, lacks melanocytes due to a mitfa
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gene mutation (Lister, 2002). The second, roy orbision (roy-/-) zebrafish lacks iridiophores
(White et al, 2008). Crosses of these two mutants yield a transparent animal, in that the gonad
can be clearly visualized in vivo.
The Casper zebrafish were reared at 28°C on a 14 hour photoperiod cycle, and fed a
combination mixture of tropical fish flake, Artemia (freeze-dried brine shrimp), and earthworm
flakes daily (www.aquaticeco.com). Tank water was changed daily. For spawning studies,
spawning tanks were checked daily and embryos were collected. The IACUC protocol number
is 0714 for ovarian physiology in zebrafish.
Bright Field Microscopy
Animals were anesthetized in 0.04% Tricaine Methanesulfonate (TMS), (0.1 mg in 250
ml) in egg water (reverse osmosis purified water: dechlorinated tap water (1:1) containing 3
drops 1% methylene blue per 4L), and weighed. The fish were placed in a petri dish filled with
TMS and egg water for respiration while being imaged. . The animals were imaged individually
using a Zeiss Stemi SR microscope with an Amscope 9MP eyepiece camera and the area of
focus was the mid-trunk containing the gonad. After images of right and left sides were captured,
the animals were placed in continuously aerated fresh water for recovery from the anesthesia.
Analysis Methods
Bright field digital images were downloaded from the Amscope digital camera as .jpg
files. These files were analyzed using ImageJ analysis software. ImageJ was downloaded
from http://rsb.info.nih.gov/ij/ . For quantification of ovarian follicle diameters, a stage
micrometer image was captured and used for calibration in ImageJ.
Measurement of Ovarian Follicle Diameters
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Using bright field microscopy images, ovarian follicle diameters were determined in
ImageJ. In these images, all visible ovarian follicles were measured for the left and right side
images of the animal. In Image J, a calibrated line tool was used to calculate the height and width
of the individual follicles. Line lengths were recorded in Microsoft Excel as ovarian follicle
diameters.
Confocal Microscopy
Confocal images were captured using a Nikon A1r confocal with inverted Ti Nikon
microscope and Nikon XYZ motorized stage with standard detector filters cubes: 450/50 nm,
485/40 nm, 525/50 nm, 545/40 nm and 600/50 nm equipped with lasers: 405 nm, 457 nm, 477
nm, 488 nm, 514 nm, 561 nm, 640nm with 4 standard photomultipliers (PMTs) detectors and
Nikon A1 spectral detector (32 PMT array; wavelength range: 400-770 nm).. Standard image
acquisition speed was 1 frame/sec (512X512) and z axis stacks of 5um optical section were made
of anesthesized Casper zebrafish with added 3% methyl cellulose to minimize movement during
image capture. Image stacks were analyzed by Nikon NIS Elements Acquisition Software and
ImageJ.
Diethylstilbestrol Treatment
In this study, the effect of exogenous DES on puberty, gonad morphology and spawning
was determined. DES was purchased from Sigma Aldrich. DES was added directly to tank water
at 0.01, 0.1, 1.0, 10.0, 100.0, or 500.0 µg/L (3.73E-5µM, 3.73E-4µM, 3.73E-2µM, 0.0373µM,
0.373µM or 1.86µM, respectively) from concentrated stocks dissolved in vehicle
(EtOH:propylene glycol; 1:1). DES treatment lasted for specific times described below. Tank
water was changed daily and fresh DES added. Animals were imaged before and after DES
treatment to assess the effects in vivo.
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Luteinizing Hormone (LH) Analysis
Two gravid Fli-1 zebrafish were humanely sacrificed for 1) blood and 2) pituitary
collection. 1) Blood was collected by placing a capillary tube on the exposed dorsal blood vessel
after decapitation. Blood and 50 µL of Cortland’s saline solution were placed on the absorbent
end of two BFP human female luteinizing hormone strips distributed by Fairhaven Health. Five
minutes passed, as per instructions, for the strips to develop. 2) Next, the pituitary glands were
removed; each fragmented using a blade, and placed on the absorbent ends of the two BFP
human female luteinizing hormone (LH) strips with 50 µL of Cortland’s saline solution. Five
minutes passed, as per instructions, for the strips to develop. After samples were collected and
strips developed, an IntenSE BL silver enhancement kit was used to visualize results. The BFP
LH strips with samples were placed in a 150 X 15mm petri dish. The enhancer reagent from the
InstenSE BL silver enhancement kit was added to the dish. Next the initiator from the kit was
added to the dish. The strips developed for five minutes. Enhanced strips were placed on a
BioRad universal hood 75S/00017 made by BioRad Laboratories and images captured. After
enhancement the captured image was analyzed using the gel analysis tool in ImageJ software
analysis; lanes were measured to show peaks where there was a measured response from the LH.
Charts were generated to show response. Vent fluids obtained from Casper animals were
processed in the same manner as above. Four, female Casper Zebrafish were phase-shifted six
hours in advance in order to collect LH samples before spawning. Casper zebrafish were phase
advanced so that “lights on” occurred at 3:00 p.m. Vent fluid was collected at 9:30 a.m., using a
red, low light headlamp for illumination.
Statistical Analysis
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In this study, statistical analysis was performed in Excel. A student T-Test was used to
determine the p value of males, females, DES treated animals and non-DES treated animals. Two
arrays were selected to compare two groups of data selected (i.e., DES females verses non-DES
females). Other parameters selected were Tail equals one and Type 2 (equal distribution) to
complete the p value determination. Using Excel, Pearson R values were also determined for
Males, Females, DES treated animals and non-DES treated animals. Results were considered
statistically significant if the p values were less than 0.05.
Results
Puberty Observation
Puberty Observation in Group One Casper zebrafish. Imaging of 45 juvenile Casper
zebrafish (Group 1) began at 41 days post fertilization. The animals were imaged weekly until
two weeks post puberty or 103 days post fertilization (DPF). For males, testes, breeding
tubercles on fins, body length and vent size were included in the imaging process. For females,
ovary, vent, body length and fins were included in the imaging process. Fins were included to
confirm the absence of breeding tubercles in females at puberty. The pictures were analyzed
using imageJ software. Montages of images were created to give a qualitative assessment of
puberty (Figures 4 & 6) Using imageJ, the relative degree of opaqueness of testes was observed
qualitatively in males and ovarian follicle diameters were measured in females. In females,
classification of puberty was DPF that puberty was achieved occurred when the average ovarian
follicle size of the largest clutch became 400 µm and above. Classification of male puberty
occurred when the testes became opaque and the tubular structure of the testis was completely
formed. Quantitation of female follicle size to measure puberty was determined via ImageJ
software. Using a calibrated line tool, individual follicles were measured for each female and
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plotted to generate a puberty determination chart (Figure 5). One animal died during the
experimental time period. Of the surviving 43 animals in group one, 12 developed ovaries and 32
developed testes (Tables 1 & 2). Female Casper zebrafish developed mature ovaries on average
at 89 DPF with an average body length of 1.8 cm (Table 1). Male Casper zebrafish developed
mature testes at 78 DPF with an average body length of 1.76 centimeters (Table 2). Body length
of male and female were tracked over time to determine if there was a correlation to the time
puberty occurred and body length (Figures 7 & 8). These observations establish the normal
parameters of puberty in transparent Casper zebrafish.
Puberty Observation in Group Two Casper Zebrafish. Imaging of 15 juvenile, glut-1
Casper zebrafish (Group 2) began at 67 DPF. The animals were imaged weekly until two weeks
post puberty or 169 DPF. Imaging process was the same as previously mentioned above in
Group 1 Casper zebrafish. Male glut-1 Casper zebrafish went through puberty on average at 89
DPF +/- 21 days. Male body length at puberty was 1.5 cm +/- 0.2 cm (Table 3). For female glut1 zebrafish, puberty occurred on average at 155 DPF +/- 12 days. Body length at puberty was 2.1
cm +/- 0.1 cm (Table 4).
Breeding Tubercles as Indicators of Puberty. To determine if breeding tubercles are
indicators of puberty, a second group (group 2) of 15, glut-1, double homozygous Casper
zebrafish were observed as they went through puberty. Juveniles were imaged once a week until
two weeks post puberty. During imaging, fins, vent, and left and right sides of the animals were
imaged. Males underwent puberty at 89 DPF +/- 21 days. Body length at puberty was 1.5 cm +/0.2 cm. Tubercle emergence occurred at 86 DPF +/-17 days. It was determined that breeding
tubercles emerged in males at approximately the time of puberty occurrence (Table 3 and Figure
13).
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Vent Size as Indicators of Puberty. To determine if vent sizes served as indicators of
puberty, 45 double homozygous Casper zebrafish, from group 1, were observed as they went
through puberty. Of these 45 animals, there were 12 females and 32 males. One animal died
before completion of the study. Juveniles were imaged once a week until two weeks post
puberty. Fins, vent, and left and right sides of the animals were imaged. It was determined that a
larger vent size is an indicator of female puberty by measuring vent sizes in fish pictures and
creating qualitative montages (Figures 10 & 11). In males, vent size did not increase drastically
in size over time. This was determined by measuring vent sizes and creating qualitative
montages (Figures 10 & 12).
Effect of Diethylstilbestrol (DES) on Puberty. 40 sexually immature animals were divided
into four groups of 10, each receiving a different dose of DES. The groups were divided into 1.0,
10.0, 100.0, or 500.0µg/L. At 44 DPF until 50 DPF, 500.0µg/L DES was applied directly to the
tank water of group one and fresh DES was added every other day when the tank water was
changed for a total incubation of six days. At 48 DPF until 54 DPF, 100.0µg/L DES was applied
directly to the tank water of group two and fresh DES was added every other day when the tank
water was changed for a total incubation of six days. At 56 DPF until 62 DPF, 10.0µg/L DES
was applied directly to the tank water of group three and fresh DES was added every other day
when the tank water was changed for a total incubation of six days. At 57 DPF until 63 DPF,
1.0µg/L DES was applied directly to the tank water of group four and fresh DES was added
every other day when the tank water was changed for a total incubation of six days. Quantitation
of female follicle size to measure puberty was determined via ImageJ software. Using a
calibrated line tool, individual follicles were measured for each female and plotted to generate a
puberty determination chart (Figure 5). Also, using the measuring tool, body lengths of each
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animal, male and female, were made to determine growth over time, during DES treatment
(Figures 15 & 16). The total DES treated male and female puberty charts have been summarized
(Table 5). ImageJ montages were created to provide qualitative assessment of puberty (Figsures
17 – 24). In the 1.0 µg/L group, 3 of the animals developed ovaries on average at 124 DPF with
an average body length of 2 cm. One animal (designated C81) died at 114 DPF from non-DES
related injuries and another animal (designated C84) was severely growth retarded and it still had
not achieved puberty when it died. Five of the animals developed male gonads at 144.8 DPF with
an average body length of 2 cm. In the 10.0 µg/L group, three animals developed female gonads
at 124 DPF with an average body length of 2 cm. Three of the animals developed male gonads at
152 DPF with an average body length of 2.1 cm. The remaining four animals died during
treatment. In the 100.0 µg/L group, seven individuals died during treatment. Of the three
remaining, the first animal developed testes at 166 DPF with a body length of 2.4 cm. The
second animal developed testes 202 DPF with a body length of 1.8 cm. The last animal in the
group has developed an ovary at 214 DPF with a body length of 2.02 cm. In the 500.0 µg/L
group, three animals developed ovaries at 138 DPF with an average body length of 2 cm. 2
animals developed testes at 164 DPF with an average body length of 2.35 cm. The remaining
five animals died during treatment. This experiment shows DES delayed puberty in females by
61 days when compared to non-DES treated groups. Also, DES delayed puberty in males by 83
days. Interestingly, one DES treated female achieved puberty 28 days before the rest of the
treatment group went through puberty. The animal was 1.7 centimeters in length at the time of
puberty. This data suggests that the animals much reach a critical body length before puberty can
occur and that the age of the animal is not critical for puberty. The day animals achieved puberty,
they were placed in spawning tanks with a non-DES treated partner. Spawning activity was

14

followed over time and a post DES reproductive assessment was achieved (Tables 6 - 9). It
should also be noted that the animals in all treatment groups exhibited dose dependent signs of
compromised health. These symptoms included anemia, edema, liver enlargement, heart
enlargement, kidney inflammation, lack of interest in food, increased scale loss and death
(Figures 25 & 26).
Statistical analysis (Student’s T-Test) was performed to compare puberty dates of the 12
control Casper females to the 10 DES treated female Caspers. The DES-induced puberty
retardation was statistically significant (p = 0.000201) (Table 10). Using a T-Test comparison,
body length at puberty was compared in the 12 control female Caspers to 10 DES treated female
Caspers. This resulted in a value of p = 0.003525 (Table 10). This indicates that not only was the
puberty date later in DES females, but DES exposure also delayed body growth.
Using a T-Test, comparison of DPF of puberty achievement in 12 DES treated males and
31 non-DES treated males resulted in a statistically significant difference (p = 1.06501E-09)
(Table 11). This value indicates that there are significant differences between the dates of
puberty achievement of DES treated males and non-DES treated males. In males, DES delayed
puberty resulting in a later puberty date. Using a T-Test comparison, body length at puberty in
DES and non-DES treated male Caspers resulted in a statistically significant similarities (p =
4.20019E-06) (Table 11). This indicates that not only was the puberty date later in DES males,
but it took a longer amount of time to reach comparable body size to control male Caspers at
puberty. At the time of puberty, both DES and non-DES treated males reached, on average,
comparable body sizes. Control males, on average, had a body length of 1.8 cm with a standard
deviation of 0.1 cm while DES males had a body length of 2.1 cm with a standard deviation of
0.2 cm.
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Statistical analysis was performed to determine relationship between body length and DPF of
puberty. Using Excel, Pearson r values were determined for DES treated females and males. The
Pearson r value for DES treated Casper female’s body length and DPF relationship was r =
0.282056. This value shows weak positive linear relationship between the two variables. The
Pearson r value for DES treated Casper male’s body length and DPF relationship was r = 0.08013. The value shows a strong negative linear association between the two variables.
Confocal Microscopy
Puberty in two TG(GLUT1-mCherry: Fli-1-GFP) Casper juvenile females and one GLUT1mCherry Casper juvenile female was observed via confocal microscopy, weekly, for six weeks.
Imaging began three weeks before puberty and continued until all three females were confirmed
to have undergone puberty. Females were imaged on a stereoscope before confocal microscopy
to quantify puberty occurrence. Females were then imaged by confocal microscopy to determine
the presence of small oocytes and fluorescent blood vessels surrounding the oocytes. Small
oocytes/oogonia expressed the mCherry reporter, whereas larger oocytes (>100µm) had reduced
expression of the reporter. Association of blood vessels surrounding oocytes was qualitatively
assessed because the body wall blood vessels obscured ovarian blood vessels. Figure 9, Panel H
shows large oocytes (>100µm) associated with blood vessels.
Effects of Spawning on Ovarian Morphology
30 sexually mature adult Casper females were placed in spawning tanks with sexually
mature Casper males for 30 days. Females were imaged twice a week for ovarian morphology in
vivo and to obtain a pre-spawn ovary image. Females were also imaged after a spawning event
occurred and thus, before and after spawning images of the ovary were obtained (Figure 27). The
images were used to quantify size and amount of oocytes in vivo. Follicle measurements were
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made using the calibrated line tool in Image J analysis software to obtain the diameter (Figure
28). Montages were created by using the images to give qualitative assessment of the ovary in
vivo. Also, embryos were collected and counted after each spawning event to assess reproductive
output. Six females were selected from the study to be used that had pre and post spawn images,
24 hours apart. Pre-spawn ovarian number of follicles and mean follicle diameter and post spawn
number of follicles and mean follicle diameter were measured for each animal by using pictures
taken at pre spawn and post spawn time. When post spawn follicle diameter was compared to pre
spawn diameter, it was show to be statistically significant (p < 0.05) using a student’s t test. On
average, the ovarian follicle diameter and number of measurable follicles was decreased after
spawning (Table 12). Specifically, this was the case in five out of the six spawning events.
However, in one case, with female five, there was an increase (36 follicles pre spawn to 38
follicles post spawn) in the number of ovarian follicles post spawn, but there was a decrease in
the average diameter of the follicle. With the other five animals, all exhibited a decrease in
ovarian follicle diameter and number after the spawning event.
Effect of DES on Post-Pubescent Males
15 sexually mature Casper Zebrafish males were randomly selected and divided into three
groups for a four week DES treatment. Males were imaged at 117 DPF, 1 day prior to treatment
to establish testes, vent and breeding tubercle status. At 118 DPF, two treatment groups received
either 0.1 or 0.01 µg/L DES and the other group received no DES to function as the control
group. DES was applied directly to tank water and fresh DES was added every other day with the
changing of the tank water. Treatment ended at 139 DPF. Effect of DES was measured by
imaging the testes, vent, and breeding tubercles at 7 day intervals. The 0.1 µg/L dose of DES
induced complete loss of breeding tubercles and an increase in the vent size by 139 DPF (Fig.
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29). This dose did not induce complete loss of the testis. The 0.01 µg/L dose of DES induced
breeding tubercle size reduction, but not total loss (Figure 30). There was no change in breeding
tubercles of the control males (Figure 31). The 0.1 µg/L dose of DES also reduced the testis
structure in all of the treated males (Figure 32). Treatment also caused an increase in the size of
the vent in both treatment groups (Figure 33 and Tables 13, 14, & 15). Imaging of tubercles at
146 DPF revealed a re-emergence of breeding tubercles in the 0.1 µg/L dose and the enlarged
vent persisted in both treatment groups. Two males died at 140 DPF, the day the treatment was
removed. Statistical analysis was conducted in order to show significance of values (Table 16).
Values obtained show there was a statistically significant (p < 0.05) increase in the male vent
sizes in the treatment group when compared to the control group.
Effect of DES on Spawning
Five pairs of animals, consisting of one known spawning male and one known spawning
female were each placed in spawning tanks. Observation of animals began at 128 DPF to
establish a reproductive output assessment. In this time, regular spawning intervals and embryo
output were determined for each spawning pair. We observed that the first spawning event for
the 10 young adult Casper Zebrafish occurred at 121.2 DPF. The females produced an average
of 29.8 embryos at the first spawning event. The females were an average of 2.12 cm long at the
first spawning event and they spawned an average of 7.8 times before treatment (Tables 17 &
18). Treatment with 1.0 µg/L DES began at 179 DPF until 207 DPF. DES was applied directly to
tank water and fresh DES was added every day with the changing of the tank water. Effect of
DES on male Zebrafish was measured by weekly imaging of the testes, vent, breeding tubercles
and spawning frequency. Effect of DES on female zebrafish was measured by weekly imaging
the ovary in vivo, spawning frequency and number of embryos produced. Spawning activity
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stopped completely with all pairs at 181 DPF. Spawning activity resumed at 228 DPF when one
pair of animals spawned for the first time since treatment was removed at 207 DPF. Animals
were followed until 248 DPF. At 248 DPF, a spawning pattern for a post-DES reproductive
assessment was established for the surviving animals (Tables 19 & 20). Four animals died during
treatment leaving a total of 6 animals at the end of the study, of the six pairs, only two were
complete spawning pairs. The animals in the two remaining spawning pairs were followed until
pre-DES treatment spawning interval was restored.
Female animals no longer had an obvious ovary at 193 DPF, 14 days after treatment began
(Figure 34). For all males, the testes were no longer white at 207 DPF, 28 days after treatment
began. The first male to lose breeding tubercles (designated C60) lost them at 193 DPF, 14 days
after treatment began. The second male to completely lose breeding tubercles (designated C37)
lost them by 200 DPF, 21 days after treatment began. The remaining males lost their breeding
tubercles by 207 DPF, 28 days after treatment began (Figure 35). Increase in vent size for males
and females were observed as well (Figure 36).
Effect of 24 Hour DES Treatment in Adult Females
Six, female Casper zebrafish, one year old, all weighing 0.25 – 0.30 grams, were imaged for
gonad status for at 1 and 2 weeks prior to experimental treatment. The group received 500µg/L
DES. DES was applied directly to the tank water for 24 hours. The animals were monitored for
effects of DES for 20 days, post application. The animals were then monitored for an additional
~50 days for a separate, long term DES treatment, to give a total of 83 days of observation
(Figure 37). Reproductive health was assessed by physical appearance of ovary, in vivo by
ImageJ analysis of images (Figure 38). Ovarian follicles size measurements were taken and
compared to the previous data collected on follicle size (Figure 39 & Table 21). On file is a
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directory of each animal’s gonad state over a period of time and these will be used to compare
the new data set to see what changes have occurred. Female F2 showed an increase in average
ovarian follicle size and a slight increase in the amount of follicles present. Before treatment, F2
had an average follicle diameter of 330 µm with 23 follicles present. After treatment, F2 had an
average follicle diameter of 485 µm with 26 follicles present. Another animal, F3, also showed
an increase in follicle diameter, but no increase in the amount of ovarian follicles. Before
treatment, F3 had an average ovarian follicle diameter of 410 µm with 30 follicles present. After
treatment, the animal had an average follicle diameter of 550 µm with 30 follicles present.
Before treatment, animal F4 had an average ovarian follicle diameter of 545 µm. with 22
follicles present. After treatment, F4 had an average ovarian follicle diameter of 367 µm with 6
follicles present. Animal F5 had an average follicle diameter of 454 µm with 8 follicles present
before treatment. After treatment, F5 had an average follicle diameter of 415 µm with 10
follicles present. Animal F6 had an average follicle diameter of 404 µm with 12 follicles present
before treatment. After treatment, F6 had an average ovarian follicle size of 545 µm with 25
follicles present. Lastly, animal F7 had an average ovarian follicle size of 536 µm with 24
follicles present before treatment. After treatment, F7 had an average ovarian follicle size of 532
µm with 40 follicles present.
Effects of Two Week DES Treatment in Adult Females
Six, female Casper zebrafish, one year old, all weighing 0.25 – 0.30 grams, were imaged for
gonad status for at 1 and 2 weeks prior to experimental treatment. The group received 500µg/L
DES and was imaged immediately before treatment. Initial experimental design indicated that
compounds would be applied directly to the tank water for 14 days. However, all animals died by
the 12th day. Tank water was changed daily and fresh DES added. The animals were imaged
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daily throughout the treatment period. Reproductive health was assessed by physical appearance
of ovary, in vivo by ImageJ analysis of images (Figure 40). Ovarian follicles size measurements
were taken and compared to the previous data collected on follicle size (Figure 41). On file is a
directory of each animal’s gonad state over a period of time and these will be used to compare
the new data set to see what changes have occurred (Figure 42). Over the time course of the
treatment, every animal showed a decrease in average ovarian follicle size and amount. After two
days in the treatment, animals began showing signs of blood loss, hemorrhages, liver
enlargement and edema. And as mentioned earlier, near the end of the treatment, all six animals
died.
Luteinizing Hormone (LH) Detection Assay
Blood and pituitary samples were extracted from gravid Fli-1 females to determine the
sensitivity of human female LH strips to zebrafish LH. Strips were uploaded into ImageJ
analysis software and the LH peaks were plotted (Figures 43 & 44). Next, vent fluid from four
gravid Casper females was collected daily approximately six hours before spawning to
determine if ovulation could be predicted. Casper females were imaged daily for three weeks
and their vent fluids were collected directly onto strips six hours before spawning. LH peaks
were seen on strips before spawning. Specifically, (C4) shows increased LH one and a half days
before spawning. LH surge occurred on 8-18-14 and spawning occurred on the morning of 8-2014 (Figures 45 & 46). Embryos were collected two hours post spawn. The embryos were two
hours old and this confirmed the date and time of spawning.
Discussion
For the studies described above, transparent Casper zebrafish were used to determine (1)
the age at which sexual maturation occurs in vivo, (2) effects of spawning on ovarian
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morphology in vivo, and (3) effects of diethylstilbestrol on puberty, gonadal dynamics and
spawning.
Puberty in Transparent Casper Zebrafish
Currently, there is little known about sexual maturation in wild-type zebrafish and
virtually no information on sexual maturation in vivo. A 2003 study reported that sex
determination in wild-type zebrafish occurs at 35 DPF (Maack & Segner, 2003). Most recently,
it was reported that sexual maturation in females begins at 45 DPF and that sexual determination
occurs earlier, at 35 DPF (Brion et al., 2004; Chen and Ge., 2013). Zebrafish are sexually mature
around 90 DPF (Von Hofsten & Olsson, 2005). Body size of the animal can play a factor in
sexual maturation (Uusi‐Heikkilä, Wolter, Meinelt, & Arlinghaus, 2010). Specifically, a critical
body length of 1.8 cm must be met in order for puberty to occur (Chen & Ge., 2013). Chen and
Ge also indicated that differential rearing conditions could affect the growth rate of the animals
(i.e., water conditions or feeding frequency). Our results indicate that the Casper zebrafish
females must reach a critical length of 1.8 cm in order to achieve puberty and that Casper
zebrafish males much reach a critical length of 1.7 cm. This achievement of the critical length
occurs at approximately 80 DPF. The data suggest that there is less of a correlation with age of
the animal and reaching puberty than the length of the animal. For example, one female went
through puberty at 67 DPF whereas another female did not go through puberty until 105 DPF.
They both however, went through puberty with a body length of at least 1.8 cm. Therefore, the
data suggest that puberty is not strictly dependent on age. This result positively correlates with a
recent study by Chen and Ge (Chen & Ge, 2013).
Effects of Diethylstilbestrol (DES) on Puberty in Juvenile Casper zebrafish
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In the previously described experiments, transparent Casper juveniles were utilized to
determine the effects of DES on puberty achievement in vivo. It has been documented that EDCs
can disturb endocrine events when exposed at a critical period of development (Brion et al.,
2004; van der Ven, van den Brandhof, Vos, & Wester, 2007). Exposure of EDCs at the critical
period cause permanent changes in the offspring’s reproductive capacity such as infertility,
masculinization, feminization, or intersexed with an ovotestis (Brion et al., 2004). Critical
periods are classified as developmental phases of increased sensitivity to the organizing effects
of endocrine and environment cues during sex determination. These effects are disturbing since
they could lead to a decline population numbers.
It was found that there was a reduced growth rate after application of DES, which led to a
delay in puberty. These data correlate with previous data which determine body length is critical
in reaching puberty. It should also be noted that the animals in all treatment groups exhibited
dose dependent signs of compromised health. These symptoms included hemorrhaging, anemia,
edema, liver enlargement, heart enlargement, kidney inflammation, lack of interest in food,
increased scale loss and death. After DES treatment ended, puberty was attained and the animals
recovered from the DES symptoms. DES treated animals from all four treatment groups were
placed with non-DES treated animals in spawning boxes. DES males and females from all four
treatment groups were capable of spawning.
Exposure of DES did not induce irreversible morphological effects on the gonads. Also,
DES exposure did not inhibit spawning capability. DES did not the produce intersex species or
ovotestes as previously seen by other groups studying endocrine disruption (Brion et al., 2004).
This is because DES application began at 48 DPF. In zebrafish, at 48 DPF, sex determination has
already occurred and it is unlikely to be disturbed (Chen and Ge., 2013). Puberty however, was
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obviously delayed. As mentioned earlier, this is attributed to the toxicological effects of DES on
growth.
DES delayed puberty in females by 61 days on average. DES delayed puberty in males
by 83 days on average. In the 1 µg/L DES treatment group, puberty was delayed by 35 days in
females and 66 days in males. In the 10 µg/L DES treatment group, puberty was delayed by 35
days in females and 74 days in males. In the 100 µg/L DES treatment group, puberty was
delayed by 125 days in females and 106 days in males. In the 500 µg/L DES treatment group,
puberty was delayed by 49 days in females and 86 days in males.
Effects of Spawning on Ovarian Morphology
In the previously described experiments, adult transparent Casper zebrafish were utilized
to determine the effects of spawning on ovarian morphology, in vivo. The transparency of the
Casper zebrafish allows for in vivo imaging of gonad dynamics. Our unique study utilized the
Casper zebrafish to capture before and after images of the spawning state gonad. Before and
after pictures were used to quantify reproductive output. Our lab initially hypothesized that the
largest size class of follicles present in the ovary would be spawned. Of the 14 spawning events
quantified, this seemed to be the case. However, even if the largest size class follicles were
spawned, occasionally some large follicles would remain in the ovary. These follicles did not
reach the critical size necessary to be ovulated (Selman et al., 1994). Ovarian follicles much
reach a critical size of 575 µm in order to be competent to respond to the maturation inducing
hormone DHP (Selman, Petrino, & Wallace, 1994). When the follicles respond to DHP they can
undergo maturation and the mature egg is then capable of being fertilized (Selman et al., 1994).
Longitudinal reproductive output of spawning Caspers was comparable to WT zebrafish as
shown by the reproductive assessments. (Lessman, 2014).
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Effects of Diethylstilbestrol on Post Pubescent Male Casper Juveniles
In the previously described experiments, transparent Casper zebrafish males were
utilized to determine the effects of DES on breeding tubercles, testis and vent size. Our lab
hypothesized that DES would induce complete loss of breeding tubercles and testes in sexually
mature males (Yang et al., 2008; Ma, Yang, Wang, Shi, & Chen, 2008). This is hypothesized
because elevated DES levels would competitively bind receptors which would induce estrogenic
activity and reduce testosterone levels (Robertson et al., 1996). Sexually mature males were
treated for 4 weeks (28 days) with DES. DES induced a dramatic loss of breeding tubercles, but
not in testes (Figure 20). According to one study, in carp, 10 µg/L is required to induce complete
loss of testes (Yang et al., 2008). It should also be noted that at 0.1 and 0.01 µg/L DES, the
males did exhibit dose dependent signs of compromised health, but to a much lesser extent than
the animals receiving 1µg/L DES and above. These males were also exposed to DES for 22 days
longer than the groups in the DES puberty study. The dramatic loss of testosterone dependent
breeding tubercles induced by DES indicate that at low doses, DES exhibits estrogenic effects
and less toxic effects.
Effects of Diethylstilbestrol on Spawning
In the current set of experiments, high frequency spawning, sexually mature Casper
zebrafish were used to determine the effects of DES on spawning activity. Constant exposure of
1 µg/L of DES for 28 days led to a complete loss of spawning activity. The last spawning event
occurred on the second day of treatment. DES exposure also led to a complete loss of a visible
testes and breeding tubercles in all males. DES exposure led to a complete loss of a visible ovary
in females. The complete regression of the visible gonad is the cause of the loss of spawning
activity.
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Effects of 24 hour Diethylstilbestrol Treatment
In the current set of experiments, sexually mature female Casper zebrafish were used to
determine the effects of a pulsatile treatment of DES on ovarian morphology. For this
experiment, a short term, high concentration of 500 µg/L of DES was used. It should be noted
that this concentration has been found in aquatic environments (Yang et al., 2008). From the
results, there is not a generalization that can be made of all animals because each animal’s
ovarian status was different. Some animals exhibited an ovary with large amounts of the largest
size class follicles whereas other animals had smaller numbers of smaller size class follicles.
From this, it can be concluded that a short term pulse of 500µg/L DES had little to no obvious
effect on the ovarian status. Interestingly, the Tokumoto group found that 0.1 µM (26.835 µg/L)
of DES induced germinal vesicle breakdown (maturation) over the course of 3 hours. The data
show that two different doses on opposite spectrums lead to opposite results. This case of
opposite effects from two different doses is not uncommon though (vom Saal et al., 1997). It has
been shown in endocrinology that low doses and high doses of hormones can produce opposite
responses (vom Saal et al., 1997)
Effects of 2 Week Diethylstilbestrol Exposure
In the current set of experiments, sexually mature female Casper zebrafish were used to
determine the effects of a constant exposure to DES on ovarian morphology. Constant exposure
of 500 µg/L DES in adult females did not lead to a dramatic decline in the largest size class of
ovarian follicles, nor the amount of ovarian follicles. All 6 females maintained an ovary
throughout treatment. This is converse to the low dose of 1 µg/L DES treatment in adult females
(spawning study) in which they exhibited complete regression of the ovary. This result of two
different doses of DES resulting in complete opposite effects is paradoxical; this bizarre case is
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not uncommon (vom Saal et al., 1997). It has been shown in endocrinology that low doses and
high doses of hormones can produce opposite responses (vom Saal et al., 1997). It should also be
noted that DES exposure did lead to an eventual death of all the females by day 12 of the 14 day
treatment. The death of the females is attributed to side effects induced by DES including
anemia, and hemorrhages.
Luteinizing Hormone Assay Development
Using samples derived from salmon or zebrafish, it has been shown that human
luteinizing hormone detection strips are capable of detecting fish luteinizing hormone. This assay
development can be used to assess reproductive output for farmed fish or laboratory fish. This
assay development is also useful in elucidating a time at which ovulation occurs in zebrafish, as
it is currently unknown. For example, results from daily vent fluid collection from C4 shows that
there is an increased peak of luteinizing hormone approximately 24 hours before spawning.
Future plans include vent fluid sample collections every three hours to determine the exact time
of the largest luteinizing hormone surge that will induce ovulation.
Conclusion
In conclusion, the Casper zebrafish allows for visualization of gonadal development and
will aid in establishing parameters for normal gonad development in vivo. Findings from our
study will help determine critical concentrations of EDCs that induce gonadal development
disruption. The Casper zebrafish is an excellent model for longitudinal (i.e., long-term)
reproductive, development and toxicity studies in individual animals.
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Appendix

Figure 1. Combination of two mutations yield Transparent Zebrafish. From top to bottom: Adult
Wild Type Zebrafish. Single Mutant Zebrafish: Nacre. Single Mutant Zebrafish: Roy.
Combinational Double Mutant Zebrafish: Casper. (reprinted from White, R. M., Sessa, A.,
Burke, C., Bowman, T., LeBlanc, J., Ceol, C., Bourque, C., Dovey, M., Goessling, W., Burns,
C.E., Zon, L.I., 2008. Transparent Adult Zebrafish as a Tool for In Vivo Transplantation
Analysis. Cell Stem Cell 2, 183-189. with kind permission from Elsevier RightsLink.)
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Figure 2. Stages of Oogenesis in Zebrafish. Top. Schematic representation of fish oocytes in the
five stages of development. Bottom. An image of oocytes in different stages of development
isolated from a zebrafish ovary. (reprinted from Clelland, E., Peng, C., Molecular and Cellular
Endocrinology 312, 42 - 52. with kind permission from Elsevier RightsLink)
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Figure 3. Left. Structure of Estratrien-3,17b-diol. Right. Structure of Diethylstilbestrol. Image
shows structural similarity of both structures (reprinted from Wiese, T. E., Dukes, D., Brooks,
S.C., Steroids 60, 802 - 808. with kind permission from Elsevier RightsLink).
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Figure 4. Representative puberty montage of female C21. Puberty occurred at 95 DPF which
occurred in between the panels 91 DPF and 98 DPF, shown above. Left Side shows transmitted
microscopy mode and right side shows reflected microscopy mode. Arrows indicate mature eggs.
Dashed outline indicates ovary. C21 spawned for the first time at 114 DPF which provides
confirmation of the sexually mature ovary. All images were taken at an objective magnification
of 12X. Scale bar represents 1mm.
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Figure 5. Puberty Determination Example. For this chart, follicle enclosed oocyte measurements
were made using one female (C21). Follicle measurements were made by using the calibrated
measurement line tool in ImageJ analysis software to draw lines across follicles in the ovary
pictures. Every visible follicle was measured. X axis shows DPF and the Y axis shows the
diameters of the follicles in µm. The orange line represents the objective way of determining
puberty. Puberty was achieved when average follicle diameter exceeded 400 µm. The
intersection of the red line and gray line indicate puberty. Data presented as x +/- SEM.
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61 DPF

68 DPF

75 DPF

84 DPF

91 DPF

Figure 6. Representative puberty montage of male C24. Puberty occurred at 75 DPF which
occurred in between the panels 68 DPF and 84 DPF, shown above. Left Side shows transmitted
microscopy mode and right side shows reflected microscopy mode. Puberty was classified as the
first time at which tubular structure of the testis was clearly formed and when the testis is opaque
white. All images were taken at an objective magnification of 12X. Scale bar represents 1mm.
Table 1. Female Zebrafish Puberty Data Summary. Left hand column shows the resulting 12
Casper Zebrafish females after puberty. The middle column shows days post fertilization of the
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animal when puberty occurred. The right hand column shows the body length of the animal when
puberty occurred. . The bottom row shows the average of all animals for days post fertilization
and body length when puberty occurred.
Female Puberty Control Group
Female
DPF
Length
C12
81
1.6
C20
67
1.9
C21
95
1.8
C41
86
1.7
C43
95
1.7
C51
97
1.7
C56
105
2
C58
73
1.8
C61
84
1.8
C62
94
2
C63
89
1.7
C64
106
2
Mean
89
1.8
STDEV
12
0.1

Table 2. Male Zebrafish Puberty Data Summary. Left hand column shows the resulting 32
Casper Zebrafish males after puberty. The middle column shows days post fertilization of the
animal when puberty occurred. The right hand column shows the body length of the animal when
puberty occurred. The bottom row shows the average of all animals for days post fertilization
and body length when puberty occurred.
Male Puberty Control Group
Male
DPF (+/-) 3 Days Length (cm)
C11
68
1.9
C13
91
2.1
C14
75
1.7
C15
61
1.7
C16
68
1.8
C17
75
1.8
C18
75
1.8
C19
68
2
C23
75
1.8
C24
75
1.8
Male Puberty Control Group
Male
DPF (+/-) 3 Days
Length
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C25
C36
C37
C38
C39
C40
C42
C44
C45
C46
C47
C48
C49
C50
C52
C53
C54
C55
C57
C59
C60
C65
Mean
STDEV

75
96
96
86
77
86
77
87
78
71
78
71
87
78
78
78
78
78
74
90
83
74
78
8.1

1.8
2
1.7
1.7
1.9
1.7
1.7
1.7
1.7
1.6
1.7
1.7
1.7
1.7
1.6
1.6
1.7
1.7
1.8
1.7
1.7
1.8
1.8
0.1
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Figure 7. Chart of mean control female body length through puberty. Graph was generated using
12 control female Casper Zebrafish that were imaged weekly for body length measurements. The
mean of the female’s body lengths were taken to generate the curve and standard deviation. The
x axis shows weeks post fertilization and the y axis shows body length in centimeters. The graph
shows body length increases with increasing weeks post fertilization and females achieve
puberty at 1.8 cm body length. Arrow indicates mean puberty occurrence in females.
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Figure 8. Chart of mean control male body length through puberty. Graph was generated using
32 male Casper Zebrafish that were imaged weekly for body length measurements. The mean of
the male’s body lengths were taken to generate the curve and standard deviation. The x axis
shows weeks post fertilization and the y axis shows body length in centimeters. The graph shows
body length increases with increasing weeks post fertilization. Arrow indicates mean puberty
occurrence in males.
Table 3. Male zebrafish (group 2) puberty summary and appearance of breeding tubercles in
relation to puberty in male Casper zebrafish. 10 Casper male zebrafish were used to generate
this chart. From left to right. Designation of the male zebrafish. Days post fertilization of puberty
achievement. Body length of male at puberty. Days post fertilization of tubercle appearance.

Male
DC2
DC3
DC5
DC6
DC7
MC9
MC11
MC12

Puberty in Juvenile Males
DPF
Length
Tubercles
80
1.3
87
127
1.7
120
127
1.6
107
80
1.6
67
80
1.7
67
94
1.6
88
74
1.4
74
74
1.2
88
41

MC13
MC14
Mean
STDV

74
81
89
21

1.3
1.6
1.5
0.2

88
74
86
17

Table 4. Female Zebrafish (Group 2) Puberty Data Summary. Left hand column shows the
resulting 3 Casper Zebrafish females after puberty. The second column shows days post
fertilization of the animal when puberty occurred. The third column shows the body length of the
animal when puberty occurred. The bottom row shows the average of all animals for days post
fertilization and body length when puberty occurred.
Puberty in Juvenile Females
Female
DPF
Length (cm)
DC1
145
2
DC4
168
2.2
8MC
153
2
Mean
155
2.1
STDV
12
0.1
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Figure 9. Puberty in a TG(GLUT1-mCherry: Fli-1-GFP) Casper juvenile female (DC1). A-D
134 dpf, 11 days prior to puberty; E-H 141dpf, 4 days prior to puberty; I 155 dpf, 11 days post
puberty and J-L 151 dpf, 6 days post puberty. A, E, I show transmission bright field at 12x; bar
equals 1mm; black square shows region imaged by confocal. B, F, J show z stack (70 images;
standard deviation) of GLUT1-mCherry expression in small oocytes/oogonia. Arrowheads point
to larger follicles no longer expressing reporter. Bar equals 100µm, taken at 100x. C, G, K show
z stack (70 images; standard deviation) of Fli-1-GFP expression in blood vessels, some extend to
larger follicles (arrowhead). D, H, L show merged z stacks.
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Vent Size as an Indicator of Puberty
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Figure. 10. Vent Size as an Indicator of Puberty. 12 Casper females and 32 Casper males were
used to generate this graph. Vent measurements began at 7 weeks post fertilization.
Measurements end at 13 weeks post fertilization for females and males X axis shows days post
fertilization and Y axis shows vent size area in mm. Error bars show +/- standard error of the
mean. Asterisk indicates p < 0.05. Each Asterisk shows the points that are significantly different
from each initial male or female vent size value. Black arrows indicate average puberty
occurrence for males or females. This graph shows that there are size differences in male and
female vents.

61 DPF

75 DPF

68 DPF

84 DPF

Figure 11. Representative female vent montage. Weekly imaging montage of control female,
C20. Puberty occurred at 67 DPF. Images were taken at an objective magnification of 12X.
Black outline in first frame shows area of measurement. Scale bar represents 2 mm.
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74 DPF

88 DPF

81 DPF

94 DPF

Figure 12. Representative male vent montage. Weekly imaging montage of control male, MC13.
Images were taken at an objective magnification of 12X. Black outline in first frame shows area
of measurement. Scale bar represents 2 mm.

Figure 13. General Representative Tubercle Montage. From left to right: First frame shows adult
female fin at 10X objective without tubercles. Second frame shows adult male fin 10X objective
with pointed tubercles. Third frame shows increased magnification of the same male fin from
second frame at 40X objective.

81 DPF

88 DPF

94 DPF

Figure 14. Tubercle emergence as an indicator of puberty. Weekly imaging montage of control
male (MC9 of Group 2). Puberty occurred at 94 DPF. Arrows indicate rows of developing
tubercles on fin rays. All frames are at 32X objective.

Table 5. Summary of DES female’s and females puberty date and body length. The chart shows
the four treatments of 1.0, 10.0, 100.0, or 500.0 µg/L. From left to right: Individual male
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animal’s identification. DPF of puberty achievement. Length of the animal when puberty was
met. Female animal’s identification number. DPF of puberty achievement. Length of the female
animal when puberty was met. Animals that died during treatment. The last column shows the
total number of animals at the start of treatment.

DES

1 µg/L

10 µg/L

Males
C77
C78
C79
C80
C83
C3
C5
C10
C68
C69

Effects of DES on Puberty
DPF Length Females
DPF
149
2.1
C76
134
142
2
C82
130
149
2.1
C85
107
149
2
135
2.1
149
2
C2
124
160
2.2
C4
123
149
2.1
C7
125
202
166

1.8
2.4

C70

214

Length
2
2
1.7

Died
C75
C81
C84

2
2
2

C1
C6
C8
C9
C66
C67
C71
C72
C73
C74
C26
C28
C31
C33
C35

2.02

100 µg/L

C30
C32

174
154

2.4
2.3

500 µg/L

Mean
STDEV

156.5
17

2.1
0.1

C27
C29
C34

130
143
143

2
2.2
1.9

Mean
STDEV

137.3
29

1.98
0.12
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10

10
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Effect of DES on Body Length
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Figure. 15. Effects of DES on mean female body length compared to non-DES treated female’s
body length over time. Mean body lengths of the nine surviving DES females were used to
generate the DES curve and standard error of the mean. The control female data comes from
figure 6, using 12 control females. X axis shows days post fertilization and Y axis shows body
length in centimeters. Graph shows steady growth overtime in control females and an initial
delay in growth at the time of DES treatment. Data presented as X +/- SEM. Asterisk indicates
p>0.05. Each Asterisk shows the points that are significantly different from each initial DES
female or control female length value.
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Figure. 16. Effects of DES on mean male body length compared to non-DES treated male’s body
length over time. Mean body lengths of the twelve surviving DES males were used to generate
the DES curve and standard error of the mean. The control male data comes from figure 7. X
axis shows days post fertilization and Y axis shows body length in centimeters. Graph shows
steady growth overtime in control males and an initial delay in growth at the time of DES
treatment. Data presented as X +/- SEM. Asterisk indicates p>0.05. Each Asterisk shows the
points that are significantly different from each initial DES male or control male length value.
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121 DPF

128 DPF

134 DPF

Figure. 17. Effects of DES on Female puberty C76. Top. Left and right sides of one female.
Middle. Seven days later; left and right sides of the same female. Bottom. Seven days later; Left
and right sides of the same female. Montage shows the delayed progression of puberty due to 1
µg/L DES treatment for 6 days. C76 went through puberty 45 days later than the average 89 DPF
puberty achievement by the control animals. Arrows indicate examples of vitellogenic follicles
(>400µm). All images captured at 12X total magnification. Scale bar represents 1 mm.
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135 DPF

142 DPF

149 DPF

Figure. 18. Effects of DES on male puberty C80. Top. Left and right sides of one male. Middle.
Seven days later; left and right sides of the same male. Bottom. Seven days later; Left and right
sides of the same male. Montage shows the delayed progression of puberty due to 1 µg/L DES
treatment for 6 days. Puberty occurred at 149 DPF. Puberty is classified as having a white
opaque tubular testis structure. All images captured at a total magnification of 12X. Scale bar
represents 1 mm.

50

112 DPF

118 DPF

132 DPF

Figure. 19. Effects of DES on female puberty C2. Top. Left and right sides of one female.
Middle. Seven days later; left and right sides of the same female. Bottom. Seven days later; Left
and right sides of the same female. Montage shows the delayed progression of puberty due to 10
µg/L DES treatment for 6 days. Arrows indicate examples of vitellogenic follicles (>400µm). All
imaged captured at 12X total magnification. Scale bar represents 1 mm.
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118 DPF

132 DPF

167 DPF

Figure. 20. Effects of DES on male puberty. Top. Left and right sides of one male. Middle.
Seven days later; left and right sides of the same male. Bottom. Seven days later; Left and right
sides of the same male. Montage shows the delayed progression of puberty due to 10 µg/L DES
treatment for 6 days. All images captured at 12X total magnification. Scale bar represent 1mm.
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186 DPF

202 DPF

214 DPF

Figure. 21. Effects of DES on female puberty. Top. Left and right sides of one female. Middle.
Seven days later; left and right sides of the same female. Bottom. Seven days later; Left and right
sides of the same female. Montage shows the delayed progression of puberty due to 100 µg/L
DES treatment for 6 days. Arrow indicates vitellogenic follicle (>400µm). Images were taken at
a total magnification of 12X. Scale bar represents 1 mm.
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172 DPF

186 DPF

202 DPF

Figure. 22. Effects of DES on male puberty. Top. Left and right sides of one male. Middle.
Seven days later; left and right sides of the same male. Bottom. Seven days later; Left and right
sides of the same male. Montage shows the delayed progression of puberty due to 100 µg/L DES
treatment for 6 days. All images were taken at a total magnification of 12X. Scale bar represents
1mm.
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133 DPF

140 DPF

147 DPF

Figure. 23. Effects of DES on female puberty. Top. Left and right sides of one female. Middle.
Seven days later; left and right sides of the same female. Bottom. Seven days later; Left and right
sides of the same female. Montage shows the delayed progression of puberty due to 500 µg/L
DES treatment for 6 days. Arrow indicates vitellogenic follicles (>400µm). All images were
taken at a total magnification of 12X. Scale bar represents 1 mm.
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133 DPF

140 DPF

154 DPF

Figure 24. Effects of DES on male puberty. Top. Left and right sides of one male. Middle. Seven
days later; left and right sides of the same male. Bottom. Seven days later; Left and right sides of
the same male. Montage shows the delayed progression of puberty due to 500 µg/L DES
treatment for 6 days. Images were captured at a total magnification of 12X. Scale bar represents
1 mm.

Table 6. Reproductive assessment of DES females after treatment with 1µg/L DES. From Left to
right: Female designation, DPF of puberty, Length at puberty, DPF of which first spawning
event occurred, Length of the animal at the spawning event, mean embryo production, and total
spawning events over the course of the study.
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DES Females 1 µg/L
Female

Puberty

Length
(cm)

First
Spawn

Spawn
Length

Embryos
(mean)

Total Spawn
Events

C76

134

2

152

2.2

21

5

C82

130

2

154

2.3

11

2

C85

107

1.7

132

2

11

5

Mean

124

2

146

2.2

14

4

STDV

15

0.2

12

0.2

6

2

Table 7. Reproductive assessment of DES females after treatment with 10µg/L DES. From Left
to right: Female designation, DPF of puberty, Length at puberty, DPF of which first spawning
event occurred, Length of the animal at the spawning event, mean embryo production, and total
spawning events over the course of the study.

Female

Puberty

C2
C4
C7
Mean
STDV

124
123
125
124
1

Length
(cm)
2
2
2
2
0

DES Females 10 µg/L
First
Spawn
spawn
Length
168
2.2
168
2.2
170
2.1
169
2.16
1
0.05

Embryos
(mean)
38
17
5
20
17

Total Spawn
Events
1
3
1
1.6
1

Table 8. Reproductive assessment of DES females after treatment with 100µg/L DES. From Left
to right: Female designation, DPF of puberty, Length at puberty, DPF of which first spawning
event occurred, Length of the animal at the spawning event, mean embryo production, and total
spawning events over the course of the study.
DES Females 100 µg/L
Female Puberty
C70

214

Length (cm)

First Spawn

Spawn Length

Embryos
(mean)

Total Spawn
Events

2.02

no spawn

N/A

N/A

N/A
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Table 9. Reproductive assessment of DES females after treatment with 500µg/L DES. From Left
to right: Female designation, DPF of puberty, Length at puberty, DPF of which first spawning
event occurred, Length of the animal at the spawning event, mean embryo production, and total
spawning events over the course of the study.

Female Puberty
C27
130
C29
143
C34
143
Mean
138
STDV
8

Length (cm)
2
2.2
1.9
2
0.1

DES Females 500 µg/L
First Spawn Spawn Length Embryos (mean)
152
2.1
18
no spawn
N/A
N/A
no spawn
N/A
N/A
152
2.1
18
N/A
N/A
N/A

Total Spawn Events
5
0
0
5
N/A

Figure. 25 Side Effects of DES Treatment. Left. Image captured in transmitted mode. Right:
Image captured in Reflected mode. C30 at 55 DPF, five days after treatment with 500 µg/L DES
was removed from tank water. Total DES treatment for C30 lasted for six days (45 DPF – 50
DPF). Side effects include edema, heart enlargement, and liver inflammation and swelling.
Images were taken at 12X magnification. Scale bar represents 1 mm.

Figure. 26. Side Effects of DES Treatment. Left. Image captured in transmitted mode. Right:
Image captured in Reflected mode.C77 at 64 DPF, one day after 1 µg/L DES was removed from
tank water. Total DES treatment for C77 lasted for six days (57 DPF – 62 DPF). Side effects
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included hemorrhaging all over the body. Images were taken at 12X magnification. Scale bar
represents 1 mm.

Table 10. Statistical analysis chart of control females comparted to DES treated females. Left
column headings: first row: Title. Second row: Average puberty achievement day of control
females. Third row: p values of control puberty dates compared to DES treated females’ puberty
dates. Fourth row: body length of control females compared to body length of DES treated
females. Fifth row: p values of control female’s body length at puberty compared to DES treated
female’s body length at puberty.
Females
Mean DPF puberty
p value
Body Length
p value

Control
89 +/- 12

DES
137.3 +/-29
0.000201
1.8 +/-0.1
1.98 +/-0.12
0.003525

Table 11. Statistical analysis chart of control males comparted to DES treated males. Left
column headings: first row: Title. Second row: Average puberty achievement day of control
males. Third row: p values of control puberty dates compared to DES treated male’s puberty
dates. Fourth row: body length of control males compared to body length of DES treated males.
Fifth row: p values of control male’s body length at puberty compared to DES treated male’s
body length at puberty.

Males
Mean DPF puberty
p value
Body Length
p value

Control
DES
78 +/- 8.1
157 +/-17
1.07E-09
1.8 +/- 0.1
2.1 +/- 0.1
4.20E-06
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Figure. 27. Representative Spawning Montage: Effects of spawning on ovarian morphology. The
top two images are of the same animal DC4, (left and right sides) at 212 DPF the day before a
spawning event occurred. The bottom two images are of DC4 (left and right sides) at 213 DPF
after a spawning event occurred. The pictures are 24 hours apart. Images were taken at 12X with
submerged fiber optic illumination. Scale bar represents 1 mm.
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Oocyte measurements of Spawning
Oocyte Diameter (µm)
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Figure . 28. Follicle diameter measurements of spawning event. Follicle diameter measurements
were taken at 212 DPF, the day before a spawning event. Measurements were taken at 213 DPF,
after a spawning event. This graph was generated from the images in figure 24. Y axis is follicle
diameter measurements in micrometers. X axis is days post fertilization. Each black diamond on
the graph represents a follicle measurement. Every visible follicle was measured. N values
represent the number of follicles measured.

Table 12. Quantification of ovarian morphology before and after spawning. The six females
used for the table generation are denoted in the left hand column. Pre-spawn ovarian follicle
number and mean follicle diameter are in the next two columns. Post spawn follicle number and
mean follicle diameter are in the fourth and fifth columns. The next to last column shows embryo
output after the spawning event. The last column shows the calculated minimum diameter that
the pre spawn follicle had to reach in order to be oviposited 24 hours later. Minimum diameter
was calculated by ranking the follicles based on their size and counting x amount of follicles,
based on the number of embryos collected. On average, the ovarian follicle diameter and number
of measurable follicle was decreased after spawning.

Female
1
2
3
4
5
6
Mean

Pre Spawn
Number
Mean Diameter
58
396 +/- 60.02
30
420 +/- 94.01
43
372 +/- 67.78
23
332 +/- 87.67
36
338 +/- 67.78
38
470 +/- 94.03
38
338

Post Spawn
Number
Mean Diameter
31
286 +/- 62.66
18
278 +/- 64.60
29
298 +/- 68.05
21
250 +/- 72.11
38
276 +/- 54.19
35
149 +/- 31.16
29
256
61

Embryos
50
22
26
19
24
18
27

Min. Diameter
287
329
317
224
284
315
293

Figure. 29. Effects of High Dose DES on Breeding Tubercles. Left: Image of pectoral fin rays of
a sexually mature male (C52) at 118 DPF, the day of treatment, before 0.1 µg/L DES was
applied. Middle: Image of fin rays of the same male (C52) at 139 DPF after 21 days of DES
treatment. Right: Image of fin rays of the same male (C52) at 160 DPF, 21 days after DES
withdrawal. Images show a clear reduction in breeding tubercles after treatment and reformation
with DES withdrawal. Images were taken at 32X magnification; all scale bars represent 400 µm.

Figure 30. Effects of Low Dose DES on Breeding Tubercles of adult male zebrafish. Left: Image
of pectoral fin rays of a sexually mature male (C24) at 118 DPF, the day of treatment, before
0.01 µg/L DES was applied. Middle: Image of fin rays of the same sexually mature male (C24)
at 139 DPF after DES treatment for 21 days. Right: Image of the same sexually mature male
(C24) at 153 DPF, 14 days after DES withdrawal. Images show a modest reduction in the height
and pointedness of the breeding tubercles after treatment. The images were taken at 32X
magnification; all scale bars represent 400 µm.
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Figure. 31. Control: Effects of No Added DES on Breeding Tubercles of adult male zebrafish.
Left: Image of fin rays of a sexually mature male (C16) at 118 DPF. Middle: Image of fin rays of
the same sexually mature male at 139 DPF. Right: Image of fin rays of the same sexually mature
male at 153 DPF. The images were taken at 32X magnification; all scale bars represent 400 µm.

Figure. 32. Effects of DES on Testes. Top: Image of testes and vent of a sexually mature male
(C53) at 118 DPF before treatment of 0.1 µg/L DES. Arrowheads point to opaque lower area of
testes connecting to vent. Bottom: Image of testes and vent of sexually mature male (C53) at 139
DPF after DES treatment. Testes is notably more transparent without obvious connection to vent.
Images show reduction in testes opacity and increase in vent size after treatment. Images were
taken at 12X magnification. Scale bar represents 1 mm.
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Figure. 33. Effects of DES on Vent. Left. Image vent of a sexually mature male (C48) at 118
DPF before treatment of 0.1 µg/L DES. Middle. Image of vent of sexually mature male (C48) at
139 DPF after DES treatment. Right. Image of vent of sexually mature male (C48) at 160 DPF.
Images were taken at 12X. Scale bar represents 1 mm.

Table 13. Effects of DES on Vent Size Measurements. Table was generated by using the area
measurement took in ImageJ analysis software Control animals showed no increase in vent size
over 21 days. The chart above shows p values generated by comparing ‘before’ treatment
measurements (at 118 DPF) to ‘after’ treatment measurements (at 139 DPF).
Control Males Vent Size
Male Before (mm2) After (mm2)
C13
0.1033
0.1024
C15
0.0985
0.1016
C16
0.0726
0.0722
C17
0.0704
0.0692
C18
0.0844
0.0881
Mean
0.08584
0.0867
STDV
0.01484
0.0157
Table 14. Effects of DES on Vent Size Measurements: low dose of 0.01 µg/L DES continuously
over 21 days. The chart above shows p values generated by comparing ‘before’ treatment
measurements (at 118 DPF) to ‘after’ treatment measurements (at 139 DPF).
Effects of 0.01 µg/L of DES on Vent Size
Male
Before (mm2)
After (mm2)
C24
0.1099
0.1405
C25
0.0933
0.335
C45
0.1187
0.1457
C46
0.0701
0.1685
C47
0.0878
0.1741
Mean
0.09596
0.19276
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Effects of 0.01 µg/L DES on Vent Size
Male
Before (mm2)
After (mm2)
STDV
0.01906
0.0808
Table 15. Effects of DES on Vent Size Measurements: high dose of 0.1 µg/L DES continuously
for 21 days. High dose DES increased vent size over the course of 21 days. It should be noted
that males C49 and C54 died before the final week of treatment. Therefore, ‘after’ measurements
are derived from the third week of treatment. The chart above shows p values generated by
comparing “before” treatments (at 118 DPF) to “after” treatment measurements (at 139 DPF).
Effects of 0.1 µg/L DES on Vent Size
Male Before (mm2) After (mm2)
C48
0.1037
0.1861
C49
0.0944
0.2049
C52
0.0829
0.1724
C53
0.0866
0.1371
C54
0.1115
0.185
Mean
0.09582
0.1771
STDV
0.01185
0.0252

Table 16. Effects of DES on vent size statistical analysis. Statistical analysis was performed on
measurements derived from DES treated male’s vent size before and after treatment. The chart
above shows p values generated by comparing ‘before’ treatment measurements of the vent area
(at 118 DPF) to ‘after’ treatment measurements of the vent area (at 139 DPF).

Treatment
control
0.01 µg/L
0.1 µg/L

Mean Male Vent Size
118 DPF
139 DPF
0.08584 +/- 0.015
0.0867 +/- 0.015
0.09596 +/- 0.019
0.1928 +/- 0.081
0.09582 +/- 0.012
0.1771 +/- 0.025

p value
0.465642
0.026831
0.000382

Table 17. Effects of DES on Female Spawning: Reproductive assessment before DES treatment.
Five Casper females were observed. Left to Right: Female Designation, days post fertilization of
puberty, body length on the day of puberty, days post fertilization of first ever spawn, mean
embryos produced at each spawning event, body length at the first ever spawn, and total
spawning events that occurred before DES treatment began at 179 DPF.
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Female DPF
C56
105
C58
73
C62
94
C63
89
C64
106
Average 93.4

Female Reproductive Assessment Pre-treatment
Puberty Length First Spawn Embryos Length
2
131
40
2.1
1.8
99
30
1.9
2
126
17
2.2
1.7
125
16
2.2
2
125
46
2.2
1.9
121.2
29.8
2.12

Total Events
9
7
8
5
10
7.8

Table 18. Effects of DES on Male Spawning: Reproductive assessment before DES treatment.
Five Casper males were observed and paired with reproductively active females. From Left to
right: Female pairing designation, designation of the male paired with the corresponding female,
status of testes, presence or absence of breeding tubercles, status of vent area, and the mean
amount of spawning events that occurred.
Male Reproductive Assessment Pre Treatment
Female
Male
Testes Tubercles Vent
Mean Spawn Interval
C56
C60
opaque Present small
Every 3.3 days
C58
C57
opaque Present small
Every 6.9 days
C62
C37
opaque Present small
Every 3.7 days
C63
Casper D opaque Present small
Every 3.8 days
C64
C65
opaque Present small
Every 4.2 days

Table 19. Effects of DES on Female Spawning: Reproductive assessment after DES treatment.
Left to Right. Designation of female, DPF spawning activity resumed after DES treatment was
removed, average number of embryos produced at each spawning event post DES treatment, and
the total number of spawning events that occurred post DES treatment. It should be noted that
female C64 died after the observed spawning event and therefore, she was not followed as long
as the remaining surviving females.
Female Reproductive Assessment Post Treatment
Female
Spawning Resumed Embryos Total Events
C56
Died
N/A
N/A
C58
241
2.3
3
C62
234
5.7
7
C63
Died
N/A
N/A
C64
228
12
1
Average
234.3
6.6
3.6
66

Table 20. Effects of DES on Male Spawning: Reproductive assessment before DES treatment.
Five Casper males were observed and paired with reproductively active females. Left to Right.
Designations of females that were paired with males are shown. Next, designations of males are
shown. Next, status of testes, breeding tubercles, vent size and spawning interval are shown.

Female
C56*died
C58
C62
C63*died
C64*died

Male Reproductive Assessment Post Treatment
Male
Testes Tubercles Vent
Average Spawn Interval
C60*died
N/A
N/A
N/A
N/A
C57
opaque Present small
Every 3.5 days
C37
opaque Present small
Every 2.8 days
Casper D opaque Present small
N/A
C65
opaque Present small
N/A

Figure. 34. Effects of DES on Female Spawning: Ovarian Morphology. Top: Left and Right
sides of female C62 before DES treatment at 179 DPF. Bottom: Left and right sides of Female
C62 after 28 days of 1µg/L DES exposure, 207 DPF, note the atretic ovaries and increased vent
size. All DES females in the study exhibited regression of the ovary. Images were taken at 8X
magnification. Scale bar represents 1 mm.
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Figure. 35. Effects of 1 µg/L DES on Spawning: Breeding Tubercles of male C37. Left: Image of
fin rays of a sexually mature male at 179 DPF, the morning of DES treatment. Middle: Image of
fin rays of sexually mature male at 200 DPF after 21 days of treatment, the day treatment ended.
Right: 228 DPF, four weeks after treatment was withdrawn. Breeding tubercles did not reemerge until four weeks after treatment withdrawal. Images were taken at 20X magnification.
Scale bar represent 400 µm.
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Figure 36. Vent size (area) during DES treatment of adult zebrafish. Four males and four females
were treated with DES for 28 days and vent size was measured before, during, and after this
period in weekly increments. Mean +/- SD male and female vent sizes were plotted over time.
Bar indicates treatment period. Asterisk p < 0.05 compared to same sex vent at start of study, i.e.,
21 weeks.
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Figure 37. Timeline for Longitudinal Study of Female Adult Casper Zebrafish. Adult females
were imaged every two to three days over the course of 83 days. Females were also treated with
DES twice (24 hour treatment and 2X5 day treatment) over the course of these 83 days (data
included below).

Figure. 38. Effects of DES on ovarian morphology, in vivo. Images shows 24 hr DES Treatment
in adult female F4, before and after. Top. Left and right sides of female immediately before 500
µg/L DES treatment. Bottom. Left and right sides of female 48 hours after DES treatment. All
animals in this treatment group showed various signs of ovarian remodeling. However, this
animal specifically showed a decrease in ovarian follicle diameter and number. Other animals
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exhibited an increase in ovarian follicle diameter and number. Images were taken at 8X
magnification. Scale bar represents 1 mm.
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Figure. 39. Effects of 24 hr DES Exposure on mean ovarian follicle size. The graph was
generated from measuring all individual follicles from six females daily from before, during and
after DES exposure. The X axis shows days of treatment with Day 4 (underlined with bar)
representing the first day of treatment after imaging for ovarian status. The Y axis represents
individual follicle diameter measurements. Every visible follicle was measured. There is not a
dramatic change (increase or decrease) in ovarian follicle diameter from all animals.

Table 21. Summary of 24 hr DES Treatment. Ovarian follicle numbers and diameters were
measured using images of six females one hour before and 36 hours after DES treatment. Every
visible oocyte was measured. Left: female designation and measurements before DES treatment.
Right: Measurements after DES treatment.
1 Hour Before DES Treatment
Female Oocyte Number Mean Diameter (µm)
F2
23
330
F3
30
410
F4
22
545
F5
8
454
F6
12
404
F7
24
536
Mean
20
447
STDV
8
83
70

36 Hours Post DES Treatment
Oocyte Number
Mean Diameter (µm)
26
485
30
550
6
367
10
410
25
545
40
532
23
482
13
77

A

B

C

D

E

F
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Figure. 40. Effects of Long Term DES Exposure. All images show right sides of adult female
(F5) over treatment period. Frame A: shows first day of treatment. Frame B: shows two days into
treatment. Frame C: shows four days into treatment. Frame D: shows seven days into treatment.
Frame D: shows nine days into treatment. Frame E: shows eleven days into treatment. Frame F:
shows the last day of treatment/day before the death of F5. Montage represents typical effects
exhibited by the six females during treatment including follicle atresia, liver and gallbladder
enlargement, and hemorrhage. Images were taken at 8X magnification. Scale bar represents 2
mm.
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Figure. 41. Effects of long term DES exposure on ovarian cycle. The graph was generated from
measuring all individual follicles daily from three of the six animals during 500µg/L DES
exposure for 14 days and taking the mean for plotting. Only three animals were used in the graph
because the three other animals died the first three days of treatment. The X axis shows days of
treatment with Day 1 representing the first day of treatment and Day 10 representing the last day
of treatment, when all the females had died by that point. The Y axis represents oocyte diameter
measurements. Every visible follicle was measured. From the graph we can see there is a clear
decline in the largest size class follicles as the treatment progresses.
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Figure. 42. Oocyte size (top panel): Follicle enclosed oocytes were measured using calibrated
line tool in Image J analysis software. Every visible oocyte was measured from the images of six
female’s ovaries, left and right sides. Black arrow at seven days indicates 24 hr treatment with
DES. Black arrows beginning at 60 days indicate the days the females from the study died. Black
bar indicates two week treatment with DES. Areas on the plot without indicators are general
observation imaging data collection. Y axis shows the mean oocyte diameter in micrometers. X
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axis shows the time in days. Asterisk indicates p < 0.05. All values in the plot were compared to
the beginning value on the plot. Error bars represent standard deviation.
Oocyte number (middle panel): Follicle enclosed oocytes were counted using image J analysis
software. Every visible oocyte was measured from the images of six female’s ovaries, left and
right sides. Y axis shows the mean number of measurable oocytes present. X axis shows time in
days. Asterisk indicates p < 0.05. All values in the plot were compared to the beginning value on
the plot. Error bars represent standard deviation.
Body weight (bottom panel): Six females were weighed every two to three days on an AWS100g capacity scale. Measurements were recorded in grams. Black arrow indicates 24 hr DES
treatment. Black bar indicates two week DES treatment. Y axis shows weight recorded in grams.
X axis shows time in days. Slotted bars on the Y axis represent a shortened Y axis to reduce
empty space on the graph. Error bars represent standard deviation.

Figure 43. Luteinizing hormone (ovulation strips). Strips are labeled from left to right as: Blood
from Female 1 Fli-1 zebrafish, Pituitary extract from Female 1 Fli-1 zebrafish, Blood from
Female 2 Fli-1 zebrafish, and Pituitary extract from Female 2 Fli-1 zebrafish.
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Figure 44. Peaks generated from ImageJ. Panel A shows Blood from Female 1 Fli-1 zebrafish.
Panel B shows Pituitary extract from Female 1 Fli-1 zebrafish. Panel C shows Blood from
Female 2 Fli-1 zebrafish, and Panel D shows Pituitary extract from Female 2 Fli-1 zebrafish.
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Control
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Figure 45. Vent fluid samples from one animal (C4) over the course of a week. The first strip
shows vent fluid from C4 on 8-18-14. The second strip shows vent fluid from C4 on 8-19-14.
The third strip shows vent fluid from 8-20-14 (the day spawning occurred), and the fourth strip
shows vent fluid from 8-21-14.
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Figure 46. Peaks generated from ImageJ. Panel A shows vent fluid from C4 on 8-18-14. Panel B
shows vent fluid from C4 on 8-19-14. Panel C shows vent fluid from 8-20-14 (the day spawning
occurred), and Panel D vent fluid from 8-21-14.
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